Effects of endothelin-3 on the secretion of endothelin-1 and other endothelium-derived substances were investigated in cultured human umbilical vein endothelial cells. The present binding study showed two distinct subpopulations of binding sites for endothelin-3 with higher and lower affinities in cultured human endothelial cells. Endothelin-3 caused an increase in intracellular Ca 2+ and inositol 1,4,5-trisphosphate levels and activated protein kinase C in a dose-dependent manner. Endothelin-3 also caused an increase in [ 3 H] thymidine incorporation into cellular DNA and stimulated the production of cyclic guanosine 3',5'-monophosphate, 6-ketoprostaglandin F la , and immunoreactive endothelin-1 in cultured human endothelial cells. A^-Monomethyl L-arginine (3xlO~4 mol/l) and indomethacin (10~5 mol/l) enhanced endothelin-3-induced endothelin-1 production. These results suggest that endothelin-3 bound to its specific receptors and then caused phosphoinositide breakdown, subsequently mobilizing intracellular Ca 2+ and leading to protein kinase C activation and the initiation of DNA synthesis, resulting in the stimulation of endothelin-1 production by human endothelial cells. Furthermore, this endothelin-1 production may be suppressed by endothelium-derived relaxing factor and prostacyclin produced in response to endothelin-3 in cultured human endothelial cells. {Hypertension 1991;18:304-315) E ndothelin (ET) is a newly identified 21-residue, vasoconstrictor peptide produced by vascular endothelial cells (ECs). 1 Recently, three distinct human ET-related genes were cloned by screening a genomic DNA library.
E ndothelin (ET) is a newly identified 21-resi-
due, vasoconstrictor peptide produced by vascular endothelial cells (ECs). 1 Recently, three distinct human ET-related genes were cloned by screening a genomic DNA library. 2 ET-1 exhibited a more potent constrictor activity than ET-3, whereas ET-3 exerted more profound initial depressor response in vivo. 2 The production of ET-1 in ECs can be controlled by a transcriptional gene regulation directly coupled to the intracellular signals from the phosphoinositide turnover pathway, that is, activation of protein kinase C (PKC) and increase in intracellular Ca 2+ . 3 Emori et al 4 have recently demonstrated that ET-3 increased inositol 1,4,5-trisphosphate (IP 3 ) and intracellular Ca 2+ levels ([Ca 2+ ],) through its specific receptors in cultured bovine ECs.
The present study was designed to examine the effect of ET-3 on the secretion of ET-1 and other endothelium-derived substances in cultured human ECs.
Cell Culture
ECs were obtained from 20-cm segments of human umbilical veins by filling the vessel lumen with collagenase type II (0.5 mg/ml), incubating them at 37°C for 10 minutes, and flushing out the loosened sheets of cells as described previously. 5 - 6 Cells were collected, cultured in standard culture flasks, and incubated at 37°C with atmospheric air and 5% CO 2 in medium-199 containing 5% (vol/vol) FCS, ECGS (50 fig /ml) , penicillin, and streptomycin (each 50 microunits/ml). ECs were identified by typical phase contrast "cobblestone" morphology and by immunofluorescence to factor VIII antigen. 6 Vascular smooth muscle cell (VSMC) contamination was less than 0.1%. The eighth to 10th passages of cultured ECs were used in the following studies.
Iodine-125-Labeled Endothelin-3 Binding Experiments
Confluent human umbilical vein ECs grown in 6-well plates were washed with 2 ml medium A, with a composition of (mmol/1) NaCl 140, KC1 4, Na 2 HPO 4 After incubation, cells were intensively washed with medium A (binding medium) at 4°C and solubilized in IN NaOH, and the cell-bound radioactivity was determined. Specific binding was defined as total binding minus nonspecific binding determined in the presence of 2x10"'mol/1 unlabeled ET-3.
The experiment was also performed to examine whether iodine-125-labeled ET-3 was internalized during the 60-minute incubation period. It has previously been shown that lowering cellular adenosine triphosphate (ATP) levels by treatment with metabolic poisons inhibits endocytosis. 9 Therefore, ECs were preincubated in glucose-free media at 23°C for 30 minutes in the presence of 1 mmol/1 dinitrophenol and 30 mmol/1 2-deoxyglucose to inhibit endocytosis according to previous methods, 9 -10 and then they were incubated with iodine-125-labeled ET-3 and were washed with icecold medium. The cell-bound ligand was removed by treating the cells with 0.2 mol/1 acetic acid, pH 2.5, containing 0.5 mol/1 Nad for 6 minutes at 4°C, which extracts only surface-bound ligand without damaging the receptors or extracting internalized ligand, 10 and the radioactivity was determined.
Measurement of Intracelhdar Ca 2+ Concentration
Cytosolic calcium levels were monitored by measuring the fluorescence of fura-2.
5
- 11 ECs were cultured in complete medium on 36x13.5 mm glass coverslips according to the method described previously. cells) on the glass coverslips were washed intensively with 10 ml modified HEPES-Tyrode's buffer (mmol/1) NaCl 129, NaHCO 3 8.9, KH 2 PO 4 0.8, MgCl 2 0.8, glucose 5.6, HEPES 10, and bovine serum albumin 0.035%, pH 7.4. The cell monolayer was loaded with 3 junol/1 fura-2 -pentaacetoxymethylester in 3 ml complete medium for 60 minutes at 37°C with 95% air and 5% CO 2 . After incubation, the coverslips were washed with 10 ml modified HEPES-Tyrode's buffer. The coverslips were then positioned in quartz glass cuvettes at a 45° angle to both the excitation and emission light paths with 3 ml fresh modified HEPES Tyrode's buffer at 37°C equipped with a thermostated holder.
12 Ca 2+ fura-2 fluorescence was measured using a fluorescence spectrometer (model CAF-100, Japan Spectroscopy, Tokyo) with excitation at 340 and 380 nm and emission at 500 nm. All measurements were adjusted for autofluorescence by subtracting the values obtained in unloaded cells from those obtained in loaded cells before calculation. The free Ca 2+ concentration was calculated from measurements of the ratio of fluorescence intensities by the following formula with the dissociation constant (K d ) for intracellular fura-2 at 37°C of 224 nmol/1, as published by Grynkiewicz et al 
Measurement of 45 Ca Uptake
Confluent ECs were incubated in modified HEPES Tyrode's buffer with 100 fi\ of 45 CaCl 2 and agents to be tested for 5 minutes. ECs were then incubated with ET-3 for next 5 minutes. After incubation the medium was aspirated, and the cells were quickly washed with ice-cold buffer and denatured with 0.5 ml HO (0.1N). The radioactivity of each sample was determined in a liquid scintillation counter. 14 
Measurement of IP 3 Levels, Protein Kinase C Enzyme Activity, and Cellular Cyclic GMP Content
For the measurement of IP 3 levels, 15 cells were cultured on 6-well plates. When cells were confluent, the medium was then removed and replaced with 1 ml modified HEPES Tyrode's buffer. Stimulation was initiated by adding ET-3, and the reaction was terminated by adding 1 ml of 5% trichloroacetic acid (TCA). Samples were extracted with diethyl ether, and then titrated to pH 7.5 with NaHCO 3 . Amersham's [ For the measurement of PKC activity, confluent cells were incubated at 37°C in freshly replaced serum-free medium without addition or with various concentrations of ET-3. Activations were terminated by rapid washing of cells with 3 x 2 ml aliquots of cold extraction buffer (mmol/1) (HEPES 20, MgCl 2 15, EGTA 20, ethylenediaminetetraacetic acid [EDTA] 1, and dithiothreitol 1, pH 7.4), followed by scraping cell layers into 300 jil extraction buffer containing 0.2% (vol/vol) Triton X-100 and 5 mmol/1 phenylmethylsulfonylfluoride according to the method of Resink et al. 16 Cell lysates were collected after centrifugation for 30 minutes at 100,000g. PKC enzyme activity was measured by an assay kit and was detected by phosphorylation of the epidermal growth factor (EGF) receptor-derived peptide (Arg-LysArg-Thr-Leu-Arg-Arg-Leu-OH), which contains a major PKC phosphorylation site within the EGF receptor. 17 For the measurement of cGMP levels, confluent ECs cultured in 6-well plates were preincubated for 15 minutes at 37°C in 1.4 ml incubation buffer (mmol/1) (NaCl 137, KC1 2.7, Na 2 HPO 4 14 Intracellular cGMP was released into the buffer within 1 hour. 14 The buffer was then removed and neutralized with 25 /nl NaOH (IN), and cGMP was measured by radioimmunoassay using a cGMP assay kit as described above.
Measurement of Prostacyclin
Confluent ECs cultured in 6-well plates were incubated with various concentrations of ET-3 in 1 ml of serum-and ECGS-free medium at 37°C. The reactions were terminated with 150 fi\ of IN HC1 according to the method previously reported. 1819 The reaction mixture was then extracted with 5 ml methyl formate through a Sep-Pak C18 cartridge (Waters Chromatography Division, Millipore Corp., Milford, Mass.), and the extracts were evaporated under a vacuum. 20 ]thymidine into cellular DNA was measured as described previously. 8 Cells were serum-deprived by incubation in medium-199 that contained 0.2% BSA for 48 hours before the thymidine incorporation experiments were performed. 8 Confluent HUVECs in 6-well plates were incubated with various concentrations of ET-3 and [ 3 H]thymidine (0.1 jiCi/ml) in a serum-free medium with or without ECGS at 37°C for 24 hours. After incubation, the medium was removed and ice-cold 10% TCA solution was added. After 30 minutes on ice, the cells were washed with 2 ml ice-cold 10% TCA solution and subsequently with ethanolether (2:1, vol/vol) to remove residual TCA. This solution was neutralized by 2N NaOH solution, and the radioactivity was counted in a liquid scintillation counter.
Extraction and Radioimmunoassay of Endothelin-1
The effect of ET-3 (10' 13 to 10" 11 mol/1) on ET-1 production was investigated. ET-1 was extracted from 4 ml cultured serum-and ECGS-free medium through a Sep-Pak C18 cartridge by the method previously described.
-23
The ET-1 concentration in the medium was measured by radioimmunoassay with the use of antibody against ET-1 and iodine-125-labeled ET-1 as a tracer as described previously.
-24
The effects of bradykinin (10~7 mol/1), calcium ionophore A23187 (10~6 mol/1), and ADP (3xMT 5 mol/1), which could initiate a similar series of events in ECs to ET-3, and forskolin (10~6 mol/1), db-cAMP (10~6 mol/1), and PGI 2 (10~6 mol/1) on ET-1 production were also examined. ECs were incubated with various agonists for 6 hours in the presence or absence of IBMX (0.1 mmol/1), and then immunoreactive ET-1 was determined by the radioimmunoassay as above.
This antibody cross-reacted 5% with ET-3 and 84% with ET-2. 23 The cross-reacted ET-3 concentration in the medium were under 1.5 pg/ml at most in this study.
Calculations and Statistical Analysis
The statistical significance of the results was evaluated by the analysis of variance, and probability values were determined by Student's t test.
Results

Iodine-125-Labeled Endothelin Binding
To characterize the specific binding site for ET-3 in human umbilical vein ECs, a radioligand binding assay was performed by using iodine-125-labeled ET-3 ( Figure 1 ). Specific binding, which was more than 85% of total binding at any concentration of iodine-125-labeled ET-3 and less than 5% of the total radioactivity added in the incubation medium, was saturable ( Figure 1A ) and time dependent at 37°C, reaching an apparent equilibrium after 60 minutes (binding of iodine-125-labeled ET-3 at 5,10, 30, 45, 60, and 90 minutes was 27%, 44%, 83%, 95%, 100%, and 100%, respectively). The ET-3 binding analysis was then performed with 60-minute incubation. Scatchard analysis of the data revealed the presence of two distinct subclasses of binding sites for ET-3: one with high affinity (apparent K*, 15 x 10" 12 mol/1) and low capacity ( B^ 66 sites/cell), and the other with low affinity (apparent K d , 3.9xl0" 10 mol/1) and high capacity ( B^ 1,380 sites/ cell) ( Figure IB) .
The experiments were also performed by acid extraction to examine whether iodine-125-labeled ET-3 was internalized during the 60-minute incuba- tion period. The acid treatment removed 10% (3,150±311 cpm, n=4) of the cell-bound hormone (30,275 ±457 cpm, n=4) in control cultures incubated for 60 minutes with iodine-125-labeled ET-3. No significant difference was observed in the acid-extracted radioactivity between the culture treated with metabolic poisons to inhibit internalization (3,275 ±525 cpm, n=4) and control. However, after the 24-hour incubation period with iodine-125-labeled ET-3, the acidextracted radioactivity decreased to 50% (l,600±374 cpm, n=4) of cultures incubated with iodine-125-labeled ET-3 for 60 minutes. Total cell-bound radioactivity was not affected by the treatment with metabolic poisons (30,318±308 cpm, n=4) or by the 24-hour incubation (30,203 ±371 cpm, n=4) .
In competitive experiments, binding of iodine-125-labeled ET-3 was dose-dependentry displaced by unlabeled ET-3 (IQo value was 1.9xlO" 10 mol/1), whereas the displacement was not complete with ET-1, ET-2, and big ET-1 (IQo value was 10' 9 , 10"', and 3xlO" 9 mol/1, respectively) ( Figure 2 ).
Effect of Endothelin-3 on [Ca 2+ ],
The ET-3-induced Ca 2+ mobilization was studied by measurement of changes in [Ca 2+ ] b using fura-2 as a Ca 2+ indicator (Figure 3 ). Addition of ET-3 (100 nmol/1) resulted in a rapid increase in [Ca 2+ ]i that peaked within 60 seconds and then declined gradually to a steady level in the presence of extracellular Ca 2+ ( Figure 3A ). This also occurred after addition of thrombin (0.03 units/ml), known to increase [Ca 2+ ]j in cultured ECs ( Figure 3B) 
Effect of Endothelin-3 on 45 Ca Influx Into Human Umbilical Vein Endothelial Cells
We also investigated a role for extracellular Ca 2+ in response to ET-3 with the use of 45 Ca. The 45 Ca uptake into ECs increased in a time-dependent manner ( Table  1) . In our experiments, the changes in ^Ca uptake were large and variable within the first 5 minutes but were comparatively small and sustained after 5 minutes. Therefore, the experiments were performed after a 5-minute incubation with 45 Ca. Incubation of the ECs with ET-3 (100 nmol/l) induced an increased uptake of extracellular Ca 2+ (Table 1) . Ni 2+ significantly suppressed ET-3-induced 45 Ca influx through the cell membrane in a dose-dependent manner, but nifedipine did not ( Table 2) .
Effect of Endothelin-3 on IP 3 Production in Human Umbilical Vein Endothelial Cells
As shown in Figure 4A , ET-3 (100 nmol/1) induced a marked increase in IP 3 levels within 15 seconds, reached peak levels within 30 seconds, and then gradually fell to steady-state levels at 5 minutes. ET-3 increased IP 3 levels in a dose-dependent fashion (maximum IP 3 elevation, 150 ±11.7% increase; EC50, 10" 8 mol/1) ( Figure 4B ).
Effect of Endothelin-3 on Protein Kinase C-Dependent Phosphorylation of Peptide
Stimulation of cells with ET-3 (100 nmol/l) induced a rapid increase in the incorporation of n P into the EGF receptor-derived peptide, which was evident within 5 minutes and was sustained for at least 30 minutes ( Figure 5A ). Basal activity of PKC (expressed as 0% increase in Figure 5 ) was 16 pmol phosphate transferred per minute. ET-3 dose-dependently induced increase in phosphorylation (maximum response, 183±25%; EQo, 10" 8 mol/1) ( Figure 5B ). 
Effect of Endothelin-3 on DNA Synthesis in Human Umbilical Vein Endothelial Cells
Shown in Figure 6 are the effects of ET-3 on [ 
Effect of Endothelin-3 on Cyclic GMP Levels
ET-3 induced an increase in cGMP levels in a dose-and time-dependent manner (Table 3) . LNMMA (3xlO~4 mol/l) significantly attenuated the ET-3-induced increase in cGMP levels but not the basal release of cGMP from human umbilical vein ECs (Table 4) .
Effect of Endothelin-3 on PGI 2 Production by Human Umbilical Vein Endothelial Cells
The cells were grown to confluence under the conditions described above, and then we measured the amount of 6-keto-PGF 10 , a stable metabolite of PGI 2 , which was secreted into the culture medium from ECs in the presence of ET-3 at various concentrations. ET-3-induced PGI 2 production was in a time-and dose-dependent manner (maximum concentration, 0.3±0.1 ng/10 5 cells; EQo, 2xlO~8 mol/l) ( Figure 7 ). ET-3 did not enhance the production of PGI 2 in the presence of 10~5 mol/l indomethacin ( Figure 7B ). We also examined the effect of ET-1 on PGI 2 , cGMP, and thymidine incorporation. ET-1 even at high doses (10~7 mol/l) did not change PGIz, cGMP level, and thymidine incorporation compared with basal levels in the ordinary culture condition (data not shown).
Effect of Endothelin-3 on Production of Endothelin-1 by Human Umbilical Vein Endothelial Cells
Cultured human umbilical vein ECs produced immunoreactive ET-1 in the medium in a time-dependent manner. This release was enhanced in the presence of ET-3 in a dose-dependent fashion (Fig-TABLE 3 Table 4 , ET-3-induced increase in the production of ET-1 was more augmented in the presence of LNMMA at 3xlO~4 mol/l or indomethacin at 10" 5 mol/l.
Effect of Bradykinin, Ionophore A23187, andADPon Production of Endothelin-1
ECs were incubated for 6 hours with bradykinin (1(T 7 mol/l), ionophore A23187 (1(T 6 mol/l), or ADP (3X1CT 5 mol/l) ( Table 5) . Bradykinin (1(T 7 mol/l) and ADP (3xlO~5 mol/l) were found to suppress the ET-1 production by ECs in the presence of IBMX (0.1 mmol/1). Ionophore A23187 markedly enhanced the ET-1 release, and this enhancement was attenuated by the presence of IBMX.
Effect ofForskolin, db-cAMP, and PGI 2 on Production of Endothelin-1
The exogenous forskolin (1(T 6 mol/l), db-cAMP (10" 6 mol/l), or PGI 2 (10~6 mol/l) significantly suppressed the basal release of ET-1 from ECs, and these suppressive effects were enhanced in the presence of IBMX (0.1 mmol/1) ( Table 5) .
Discussion
First, this study demonstrated that ET-3, bound to its specific receptor, stimulated phosphoinositide turnover, mobilized Ca 2+ from intracellular and extracellular pools, activated PKC, and enhanced DNA synthesis in human umbilical vein ECs. The present binding study showed two distinct subpopulations of binding sites for ET-3 with higher and lower affinities in cultured human umbilical vein ECs. Our results are consistent with recent studies reported by Emori et al 4 indicating that cultured bovine ECs express ET-3 receptor subtype. Other studies have reported that at least two subtypes of binding sites for ET isopeptides exist in the membranes of chick heart 25 and rat lung 2 *; one subtype with preferential binding affinity to ET-1 and ET-2 and the other to ET-3, suggesting that the population of ET receptor subtypes may differ from one tissue to another. 4 The measurements of [Ca ]i because of intracellular mobilization followed by a sustained plateau phase because of Ca 2+ influx across the plasma membrane. The second plateau phase of the Ca 2+ response to ET-3 was significantly inhibited by EGTA treatment but was not by nifedipine, one of the dihydropyridine Ca 2+ channel antagonists. Ni 2+ , an inhibitor of the voltage-dependent Ca 2+ channels of T type, 27 was found to suppress the ET-3-induced active 45 Ca transport from the extracellular space, whereas nifedipine did not, indicating that Ca 2+ influx in response to ET-3 is partially involved in the voltage-dependent Ca 2+ channels of T type more than those of L type. Moreover, we have found that ET-3 stimulated IP 3 formation in human umbilical vein ECs, indicating that one of the initial membrane events in the action of ET-3 is to induce phospholipase C-mediated phosphatidylinositol 4,5-bisphosphate hydrolysis, which liberates IP 3 8 and human umbilical vein ECs. 37 Sarafotoxin, a snake venom that has a high degree of structural similarity to ET, has been reported to stimulate phosphoinositide hydrolysis in heart and brain. 38 Very recently it has been shown that ET-3 induces phosphoinositide breakdown in cultured bovine ECs. 4 ET-3 was also found to activate PKC and stimulate DNA synthesis in this study. Thus, ET-3 may use the inositol lipid pathway as a signal transduction mechanism, resulting in activation of PKC in the Ca 2+ messenger system and initiation of DNA synthesis in human umbilical vein ECs. DNA synthesis in response to ET-3 was found to be enhanced in the presence of ECGS, which was usually used in endothelial cell culture. Interaction between ECGS and ET-3 on ECs remains to be confirmed.
Second, the present study showed that ET-3 caused an increase in ET-1 production in human umbilical vein ECs. Yanagisawa et al 3 have reported that the messenger RNA for preproET-1 was rapidly upregulated by the active phorbol ester 12-0-tetradecanoylphorbol 13-acetate (TPA) and the Ca ionophore ionomycin, suggesting that the expression of preproET-1 gene may be regulated by the intracellular signaling pathway coupled to phosphoinositide breakdown in human EC. 3 Furthermore, immunoreactive ET-1 secretion from cultured bovine EC was stimulated by TPA or ionomycin. 39 These results suggest that ET-3 stimulates ET-1 production because of its intracellular Ca 2+ mobilization and PKC activation in human umbilical vein ECs.
Third, endothelium-derived relaxing factor (EDRF) has been identified as nitric oxide 4041 ; the amino acid L-arginine is the precursor of nitric oxide in ECs. 42 - 43 Nitric oxide activates soluble guanylate cyclase and in turn increases cGMP levels in ECs and VSMCs. 44 -4 ** The present study showed that ET-3 caused the increase in cGMP levels in cultured human umbilical vein ECs, and this was attenuated in the presence of LNMMA, which was a false substrate for the enzyme synthesizing nitric oxide, 42 - 49 indicating that ET-3 stimulates the production of EDRF in cultured human umbilical vein ECs. This study also showed that ET-3 induced an increase in the levels of 6-keto-PGF la , a stable metabolite of PGI 2 . Recent study has shown that phosphatidylinositol turnover provides arachidonic acid for PGI 2 synthesis in thrombin-, histamine-, and bradykinin-stimulated human ECs, 50 which suggests one of the mechanisms of PGI 2 production by ET-3 is through the phosphoinositide turnover pathway. These results suggest that ET-3 directly stimulates the release of EDRF and PGI 2 through binding to its receptors. 51 " 53 It has been reported that ET-1 causes a transient decrease in systemic arterial blood pressure in anesthetized rats. EDRF from several perfused organs. 55 " 57 Furthermore, ET-3 exerts more profound initial depressor response than ET-1 in arterial blood pressure 2 or in perfused rat mesenteries. 57 ' 58 We tried to compare the postreceptor signals of ET-3 with ET-1 in relation to PGI 2 and cGMP. ET-1, even at high doses (10~7 mol/1), did not change PGI 2 and cGMP levels compared with basal levels in the ordinary culture condition. Recent studies 25 ' 26 have shown that the existence of different receptors for ET isopeptides in EC from VSMC explains the functional difference between ET-1 and ET-3. Namely, the receptors existing in ECs may be mainly for ET-3 and the receptors in VSMCs mainly for ET-1 or ET-2, indicating that ET-3 acts more strongly on ECs than on VSMCs. Thus, ET-3 induces a more potent vasodilator action than other ETs via PGI 2 or EDRF release from ECs. 55 These can also be supported by the previous report 37 that ET-1 action on cultured ECs is very small in the normal culture condition. However, any extrapolation from experiments on cultured ECs to in vivo conditions should be carefully performed because culture cells represent at best "activated cells."
Fourth, very recently it has been reported 59 that EDRF inhibits the release of ET-1 from porcine aorta and that both LNMMA and methylene blue augmented the thrombin-stimulated but not the basal release of ET-1 from porcine aorta with endothelium. Our present study also showed that LNMMA enhanced the ET-3-stimulated release of ET-1 from cultured human umbilical vein ECs, suggesting that ET-3-induced EDRF suppressed the release of ET-1 from human umbilical vein ECs mediated by a cGMP-dependent pathway. Moreover, the present study showed that ET-3-induced ET-1 production significantly increased in the presence of indomethacin. PGI 2 is known to increase cellular cAMP, and this elevation may interact with the G-protein-phospholipase C system leading to the presumable inhibition of the generation of the second messengers -IP 3 , diglyceride, and the protein kinase C-dependent events. 60 - 61 The present study also showed that the exogenous PGI 2 (10~6 mol/1), db-cAMP (1(T 6 mol/1), and forskolin (1(T 6 mol/1) significantly suppressed the production of ET-1, and these suppressive effects were enhanced in the presence of IBMX (0.1 mmol/1). These results indicate that ET-3-induced PGI 2 suppresses the release of ET-1 from human umbilical vein ECs mediated by a cAMP-dependent inhibitory pathway. The present study showed that LNMMA and indomethacin each enhanced ET-1 production by cultured human umbilical vein ECs, but LNMMA plus indomethacin did not cause more enhancement of ET-1 production than LNMMA alone, indicating that there are strong interactions among EDRF, PGI^ and ET-1 production. Recently, nitroglycerin has been reported to stimulate synthesis of PGI 2 in cultured human umbilical vein ECs, 62 suggesting that ET-3-induced EDRF may enhance the production of PGI 2 . Other reports have shown that ECs produce not only PGI 2 but also thromboxane A 2 in a ratio of 5:1 to 10:1. 63 Cyclooxygenase inhibitors inhibited the production of both metabolites equally. The role for thromboxane A 2 in response to ET-3 remains to be clarified. 64 Finally, we tried to examine the effects of bradykinin, ionophore A23187, and ADP, which could initiate a series of events similar to ET-3 in ECs. Bradykinin (1(T 7 moVl) and ADP (3xlO" 5 mol/1) were found to suppress the ET-1 production by ECs in the presence of IBMX (0.1 mmol/1). Ionophore A23187 markedly enhanced the ET-1 release. Bradykinin, ADP, and calcium ionophore A23187 are reported to stimulate cGMP production in cultured ECs, 48 suggesting that the production of ET-1 may be regulated by the balance between cGMP production and Ca 2+ mobilization stimulated by these agonists. Ionophore A23187 is known to induce the remarkable increase in intracellular Ca 2+ levels, indicating that under our experimental conditions, Ca 2+ mobilization or PKC-dependent pathways may be predominant over cGMP production in the case of A23187. ET-3 may have the potency to induce ET-1 production under the balance among cAMP, cGMPmediated, and Ca 2+ -mobilizing, or PKC-dependent mechanisms.
EQo values for [Ca 2+ ]j, IP 3 , and phosphorylation by PKC induced by ET-3 (nearly 10" 8 mol/1) were higher than the apparent K^ values for receptor binding (10" 12 or 4x10 mol/1). These data suggest the existence of large numbers of spare receptors for ET-3 in cultured human umbilical vein ECs. ET-3 at 10" n mol/1 also significantly enhanced the release of ET-1 from human umbilical vein ECs, suggesting that stimulation of ET-1 release from ECs may be a consequence of the activation of the high affinity ET-3 receptors, although EQo values for phosphatidylinositol breakdown were higher. This discrepancy may be partly accounted for by the different incubation periods used for the study: one examined chronic response and others acute.
In summary, our observations showed that ET-3 bound to its specific receptors and then induced phosphoinositide breakdown, Ca 2+ mobilization from intracellular and extracellular spaces, activation of PKC, and initiation of DNA synthesis in human umbilical vein ECs. ET-3, one of the ET isopeptides, then stimulated ET-1 production by ECs. However, ECs also produced EDRF and PGI 2 in response to ET-3, which would prevent the production of an excessive amount of ET-1 by human umbilical vein ECs.
